The outer membrane of gram-negative bacteria is an asymmetric lipid bilayer with phospholipids and lipopolysaccharides (LPSs). -Barreled outer membrane proteins and lipoproteins are embedded in the outer membrane. All of these constituents are essential to the function of the outer membrane. The transport systems for lipoproteins have been characterized in detail. An ATP-binding cassette (ABC) transporter, LolCDE, initiates sorting by mediating the detachment of lipoproteins from the inner membrane to form a watersoluble lipoprotein-LolA complex in the periplasm. Lipoproteins are then transferred to LolB at the outer membrane and are incorporated into the lipid bilayer. A model analogous to the Lol system has been suggested for the transport of LPS, where an ABC transporter, LptBFG, mediates the detachment of LPS from the inner membrane. Recent developments in the functional characterization of ABC transporters involved in the biogenesis of the outer membrane in gram-negative bacteria are discussed.
Bacteria can be divided broadly into two major groups, gram-positive and gram-negative, based on their Gram-staining characteristics. These differences are derived from the structures of their cell walls. Grampositive bacteria have a thick peptidoglycan layer surrounding the cytoplasmic (inner) membrane, while gram-negative bacteria have a thin peptidoglycan layer. In compensation, gram-negative bacteria have another membrane structure outside the pepidoglycan layer, called the outer membrane. Thus the peptidoglycan layer in gram-negative bacteria is located in a space called the periplasm or periplasmic space, a hydrophilic environment between the two membranes. The outer membrane functions as a selective barrier to toxic compounds while permitting nutrients to penetrate, and is therefore essential to the growth of gram-negative bacteria.
The outer membrane of gram-negative bacteria is distinct in both lipid and protein composition. It is composed of a lipid bilayer comprising phospholipids in the inner leaflet and lipopolysaccharides (LPSs) in the outer leaflet. 1) Two types of proteins are located in the outer membrane, -barreled outer membrane proteins (OMPs) and lipoproteins ( Fig. 1) . OMPs are also present in the outer membranes of eukaryotic organelles such as the mitochondria and chloroplasts. Lipoproteins are unique proteins present in all phyla of bacteria. They are synthesized in the cytoplasm and then translocated across the inner membrane to the outer membrane. Proteins destined for the outer membrane do not contain -helical transmembrane stretches, because such stretches cause retention of proteins in the inner membrane. Instead, OMPs span the outer membrane as a -barrel structure. The insertion of most OMPs into the membrane occurs in a Bam-complex dependent manner. 2, 3) On the other hand, lipoproteins are modified with lipids at the amino-terminal Cys and are anchored to either the inner or outer membrane through a lipid moiety. Lipoproteins are involved in various functions, including the formation and maintenance of cell shape, the biogenesis of the outer membrane, the transport of a variety of molecules, signal transduction, and cell motility, although a number of lipoproteins, including even those of Escherichia coli, have no known function.
The chemical structures of lipoproteins have been studied extensively using Lpp, the major outer membrane lipoprotein of E. coli. Lpp has an N-terminal glycerylcysteine containing two ester-linked fatty acids and one amide-linked fatty acid. 4 ) N-Acyl diacylglycerylcysteine is a structure common to the lipoproteins of gram-negative bacteria, but most lipoproteins in grampositive bacteria lack the amide-linked fatty acid. 5, 6) Nevertheless, the processing of a lipoprotein precursor into the mature form occurs on the outer surface of the cytoplasmic membrane in both gram-negative and -positive bacteria. Pioneering study by Wu and coworkers 7) revealed three distinct modification reactions ( Fig. 2) : i) the formation of a thioether linkage between a Cys in the N-terminal region of a prolipoprotein and diacylglycerol by phosphatidylglycerol:prolipoprotein diacylglyceryl transferase (Lgt), which recognizes a consensus sequence, -L-(A/S)-(G/A)-C-, called a lipobox (or lipoprotein box), ii) the cleavage of a signal peptide by lipoprotein-specific signal peptidase (LspA, also called signal peptidase II), which converts the S-lipidated Cys into the N-terminal residue of the mature protein, and iii) amino-acylation of this Cys by apolipoprotein N-acyltransferase (Lnt, also called phospholipid:apolipoprotein transacylase). Although their protein moieties are mostly hydrophilic, lipoproteins are hydrophobic as a whole due to the N-terminal lipid moiety. Therefore, outer membrane-directed lipoproteins must overcome the energetically unfavorable step at which they become detached from the inner membrane to reach the outer via the hydrophilic periplasm. Periplasmic LolA has been identified as a molecular chaperone that escorts lipoproteins to the outer membrane through the periplasm. 8) Subsequently, four other Lol factors were found to be involved in the sorting of lipoproteins to the outer membrane. An ABC transporter, the LolCDE complex, 9) in the inner membrane initiates the sorting process by releasing lipoproteins from the inner membrane. Formation of the LolAlipoprotein complex is coupled to this LolCDE-dependent reaction. LolA accommodates the lipid moiety of a lipoprotein in its hydrophobic cavity, 10) yielding a hydrophilic complex. LolB, a lipoprotein anchored to the outer membrane, accepts a lipoprotein from LolA and then incorporates it into the outer membrane (Fig. 2) . 11, 12) The most striking characteristic of the outer membrane is the asymmetric distribution of membrane lipids, with phospholipids in the inner leaflet and LPSs in the outer. LPS is complex glycolipid that can be divided into three components, lipid A, a core oligosaccharide, and O-antigenic polysaccharide (O-PS). LPS is anchored to the outer membrane through the hydrophobic lipid A. Both the core-lipid A and O-PS parts of LPS are synthesized in the cytoplasm or inner leaflet of the inner membrane and are translocated via distinct pathways to the outer leaflet of the inner membrane, where they are ligated by the function of WaaL to become LPS. The translocation of core-lipid A across the inner membrane is mediated by an ABC transporter, MsbA.
13) The translocation of O-PS is mediated either by another ABC transporter, Wzm/Wzt, or by Wzx, which belongs to the multidrug/oligosaccharidyl-lipid/polysaccharide The outer membrane of gram-negative bacteria is an asymmetric lipid bilayer with phospholipids in the inner leaflet and lipopolysaccharides (LPSs) in the outer leaflet. While inner membrane proteins span the membrane with -helical transmembrane stretches, outer membrane proteins (OMPs) span the membrane by forming -barrels. Lipoproteins are tethered to periplasmic leaflets of either the inner or the outer membranes with their N-terminal acyl moieties. Lipoproteins are synthesized with an N-terminal signal peptide in the cytoplasm, and are translocated across the inner membrane through the Sec translocon. Processing of lipoprotein precursors involves the formation of a thioether linkage between the N-terminal Cys in the mature region and diacylglycerol by phosphatidylglycerol:prolipoprotein diacylglyceryl transferase (Lgt), cleavage of the signal peptide by lipoproteinspecific signal peptidase (LspA), and N-acylation by apolipoprotein N-acyltransferase (Lnt). The ABC transporter LolCDE recognizes mature, outer membrane-directed lipoproteins and releases them from the inner membrane, causing the formation of a LolA-lipoprotein complex. The LolA-lipoprotein complex traverses the periplasm to the outer membrane, where lipoproteins are transferred to LolB, followed by incorporation into the outer membrane.
(MOP) exporter superfamily, 14) depending on the nature of the oligosaccharide repeats. 15, 16) The transport of LPS from the inner to the outer membrane is mediated by Lpt proteins, which include an ABC transporter, LptBFG. It has been postulated that LPS is transported to the outer membrane through a system analogous to the Lol system, whereas several lines of evidence suggest that LPS is escorted through a trans-envelope complex formed by the Lpt proteins. 17) I. LolCDE, an ABC Transporter Mediating the Detachment of Lipoproteins from the Inner Membrane
In E. coli spheroplasts, in which the outer membrane is disrupted by EDTA and lysozyme, secretory proteins such as periplasmic proteins and OMPs are released from the inner membrane. On the other hand, outer membrane-specific lipoproteins remain anchored to the inner membrane unless the periplasmic fraction is added. 8) This clearly indicates that certain periplasmic factors are involved in the release of lipoproteins from the inner membrane. A periplasmic protein, designated LolA, was isolated and shown to have activity inducing the release of outer membrane-specific lipoproteins into the spheroplast supernatant. 8) LolA does not release inner membrane-specific lipoproteins, indicating that release depends on sorting signals. Release of outer membrane-specific lipoproteins from right-side out membrane vesicles occurs in the presence of LolA only when membrane vesicles are loaded with ATP, indicating that some membrane factor releases lipoproteins from the inner membrane utilizing ATP energy. 18) The activity of the lipoprotein-releasing factors present in the inner membrane has been examined in reconstituted proteoliposomes. Inner membrane proteins solubilized with a detergent, a purified outer-membrane lipoprotein, Pal, and E. coli phospholipids were reconstituted into proteoliposomes in the presence of ATP (Fig. 3) . The proteoliposomes exhibited activity releasing Pal into the supernatant in a LolA-dependent manner. ATP-dependent release of Pal was inhibited by sodium vanadate. The inner membrane proteins responsible for the lipoprotein-releasing activity were then purified, and were designated LolCDE.
9) The LolCDE complex is composed of one copy each of the integral membrane proteins LolC and LolE, and two copies of the ABC protein LolD. The genes for LolC, LolD, and LolE are clustered in that order in the E. coli chromosome, together forming a possible transcriptional unit. 9) Mutations in the Walker A, B, and ABC signature motifs of LolD severely inhibit the release of lipoproteins from the spheroplasts, indicating that LolCDE is involved directly in the ATP-dependent release of lipoproteins. In contrast, these mutations have no effect on the processing of lipoprotein precursors into the mature forms. 9) Thus LolCDE is involved in neither the translocation of lipoprotein precursors from the cytoplasm to the outer leaflet of the inner membrane nor in the subsequent formation of mature lipoproteins. LolC and LolE are homologous to each other, the amino acid identity being 26%. Moreover, the two proteins span the membrane four times, and have a large domain exposed to the periplasm between the first and the second transmembrane helix (Fig. 4) . 19) Therefore, the number of transmembrane helices in the LolCDE complex is eight, lower than in most ABC transporters. 20) A small number of ABC transporters, including LolCDE and MacB, which was reported to be involved in the export of heat-stable enterotoxin after it was translocated across the inner membrane by the Sec machinery, 21) are predicted to have membrane subunits with four transmembrane segments. This might be related to the unique functions of these ABC transporters, which do not catalyze the transmembrane transport of substrates.
The disruptant of the chromosomal lolC-lolD-lolE genes can be obtained only when functional genes for LolCDE are provided in trans from a plasmid. Removal of the plasmid from a lolCDE-null strain causes mislocalization of the outer membrane-specific lipoproteins to the inner membrane and inhibits the growth of E. coli. 22) These results indicate that the LolCDE complex is the sole apparatus mediating the release of E. coli lipoproteins. Plasmids carrying neither lolC-lolD nor lolD-lolE support the growth of the null strain, indicating that despite their homology, both LolC and LolE are essential to the function of LolCDE. The E. coli chromosome encodes 79 ABC proteins, most of which are not essential for growth. Only three ABC transporters, LolCDE, MsbA, and LptBFG, all of which are involved in the outer membrane's biogenesis, are essential for the growth of E. coli. [22] [23] [24] [25] Five Lol proteins, LolA to LolE, are well conserved in various gram-negative bacteria, and the genes encoding these Inner-membrane proteins and purified outer-membrane lipoproteins solubilized with detergent are reconstituted into proteoliposomes with phospholipids. Proteoliposomes are incubated with LolA and ATP, and lipoprotein-releasing activity is measured as amounts of lipoproteins recovered in the supernatant after ultracentrifugation.
proteins are all essential to E. coli growth. 22, 26, 27) Likewise, all of the Lpt proteins required for the transport of LPS are essential to E. coli. 24, 25, [28] [29] [30] These proteins, involved in the biogenesis of the cell surface, are unique to gram-negative bacteria and hence expected to become important targets for antibiotics. Indeed, drugs that inhibit the release of lipoproteins from the inner membrane were reported to be effective against gramnegative bacteria, including multidrug-resistant Pseudomonas aeruginoosa. 31, 32) To date, three outer membranespecific lipoproteins, LolB, BamD, and LptE, have been found to be essential to the growth of E. coli. 27, 29, 33) Inactivation of the lipoprotein-targeting machinery would cause depletion of these lipoproteins from the outer membrane, resulting in cell death.
Recognition of lipoprotein-sorting signals by the LolCDE complex
Proper localization is essential for a protein to function correctly. The membrane localization of lipoproteins must also be strictly determined. In principle, the amino-acid residue at position 2 of lipoproteins determines membrane localization: this is called the þ2 rule. 34) Asp at this position functions as an inner membrane-retention signal of lipoproteins, whereas other amino acids function as outer membrane-targeting signals. The residue at position 3 also influences the strength of the Asp residue. [34] [35] [36] There is no difference in the mode of lipid modification at the amino-terminal Cys as between inner membrane-specific and outer membrane-specific lipoproteins, 37) indicating that the lipoprotein-sorting signal does not affect lipid modifications. While the cis element for the sorting of lipoproteins was identified more than two decades ago, the machinery that recognizes the sorting signal long remained unknown until the evidence obtained in vitro and in vivo revealed that LolCDE is responsible. When Ser at position 2 of Pal is converted to Asp, the resulting derivative, Pal(S2D), is not released from proteoliposomes even in the presence of ATP, LolA, and LolCDE, 9) suggesting that lipoprotein-sorting signals at position 2 function at the release step. This also indicates that LolA and LolCDE are sufficient to reconstitute the sorting signal-dependent release of lipoproteins from proteoliposomes. The ATPase activity of LolCDE reconstituted into proteoliposomes is stimulated by outer membrane-specific, but not inner membrane-specific, lipoproteins. 38) Furthermore, the release of Lpp from proteoliposomes was inhibited when an excess another outer membrane lipoprotein, Pal, was simultaneously reconstituted, whereas reconstitution with the inner membrane-specific derivative Pal(S2D) had no effect. 38) This indicates that the sorting signal acts against LolCDE, and that Asp at position 2 functions as a LolCDE-avoidance signal for lipoproteins. A LolCDE mutant, which carries an Ala-to-Pro mutation at position 40 of LolC, was isolated through genetic screening that selected E. coli mutants in which lipoproteins with the inner membrane retention signal were mislocalized to the outer membrane. 39) Once inner membrane-specific lipoproteins are released through the action of this LolC mutant, they are recruited to the outer membrane in a LolA-and LolB-dependent manner, indicating that only LolCDE recognizes the lipoprotein-sorting signals. Random mutagenesis of lolCDE followed by screening for mutants that cause the mislocalization of inner membrane-specific lipoproteins to the outer membrane revealed that such mutations can occur in all subunits of the LolCDE complex, suggesting that the altered conformation of the LolCDE complex causes suppression of the LolCDE-avoidance function, although mutations in the first transmembrane segment of LolC appear to cause conformational changes that result in stronger suppression of the function. 40) The nature of the Lol-avoidance signal was further characterized in detail in vitro. A derivative of Pal, Pal(S2C), with Cys in place of Ser at position 2, was released from the reconstituted proteoliposomes in a LolA-and LolCDE-dependent manner. When the Cys residue was oxidized with performic acid to form cysteic acid, oxidized Pal(S2C) was no longer released from the membranes, indicating that cysteic acid functions as a LolCDE-avoidance signal. Furthermore, when an inner membrane-specific lipoprotein with Asp at position 2 was modified with a carboxylate-specific reagent, innermembrane retention of this lipoprotein was abolished. 41) The distance between C and the negative charge of cysteic acid is very similar to that in the case of Asp, Fig. 4 . The Transmembrane Subunits of the Lipoprotein Releasing Apparatus LolCDE. The membrane topology of LolC and LolE is based on the results of PhoA fusion analysis and the substituted cysteine accessibility method. 19) Amino acid residues at the fusion junctions are shown in white letters on a black background, and residues that were replaced by Cys are shown in large letters. Residues (A40 and G23), whose mutations strongly affected recognition of the lipoprotein-sorting signal, are indicated. 39, 40) while modification of Asp results in a loss of negative charge. Taken together, these results indicate that the Lol-avoidance signal has a negative charge that is within a certain distance from C of the residue at position 2. This also explains why Glu at position 2 is not an innermembrane retention signal. 36) Taking advantage of Cysspecific modification, large non-protein molecules, such as iodo-biotin were introduced to Cys at position 2 of Pal(S2C), but this modification did not inhibit the release of lipoproteins from proteoliposomes, 41) indicating that LolCDE does not recognize the structure of the residue at position 2. On the other hand, LolCDE hardly releases apolipoprotein, which lacks an amino-linked acyl chain. 37, 42) Thus, N-acyl S-diacylglyceryl Cys appears to be the sole structure required for efficient recognition by LolCDE. Indeed, it was recently confirmed using a lnt-null strain whose lethality was suppressed by overexpression of LolCDE that apolipoproteins gain increased affinity for LolCDE upon Nacylation (Narita and Tokuda, unpublished results). Taking this into account, Asp at position 2 appears to cause avoidance of LolCDE by interfering somehow with the interaction between LolCDE and Cys at position 1. Although the mechanism by which Asp at position 2 disrupts the interaction remains unclear, phosphatidylethanolamine (PE), a major constituent of the inner membrane, has been implicated in the Lolavoidance function of Asp at position 2. E. coli contains PE, phosphatidylglycerol, and cardiolipin as major phospholipids. When proteoliposomes contain a mixture of these phospholipids, LolCDE releases lipoproteins in a sorting signal-dependent manner. On the other hand, Pal(S2D) is released from proteoliposomes reconstituted with cardiolipin alone.
41) The electrostatic and steric interactions between Asp at position 2 of lipoproteins and PE may make the N-terminal conformation of the lipoproteins distinct, inhibiting the recognition of LolCDE. On the other hand, the ability of LolCDE to distinguish lipoproteins might be affected in proteoliposomes without PE, which would help to maintain the proper conformation of LolCDE for rejection of lipoproteins with Asp at position 2.
2. The role of ATP energy in the transfer of lipoproteins to the outer membrane ATP hydrolysis by ABC transporters is generally stimulated by their substrates, although the extent of stimulation depends on the transporter. LolCDE in proteoliposomes exhibits the ATPase activity of 0.02 mmol ATP min À1 mg À1 in the absence of lipoproteins. 38) Reconstitution of the outer membrane-specific lipoprotein Pal increases the activity by 2.8-fold in the absence of LolA.
38) The addition of LolA inhibits the lipoprotein-dependent increase in ATPase activity, because LolA releases Pal from the proteoliposomes and thereby reduces the amount of Pal in proteoliposomes. Since it is difficult to maintain an amount of lipoprotein in the proteoliposomes sufficient for continuous release, the ATPase activity of LolCDE, which is coupled to the release reaction, has not been measured.
The region between the Walker A and ABC signature motifs contains a sequence composed of 32 residues that is highly conserved among LolD homologs of proteobacteria but not other ABC transporters of E. coli.
9)
Targeted random mutagenesis of these residues resulted in the isolation of dominant-negative LolD mutants, whose overexpression arrested the growth of E. coli cells even in the presence of intact LolD. Some mutations lower the ATPase activity of the LolCDE complex with little effect on the ATPase activity of the LolD subunit, suggesting that they perturb communication between the membrane-spanning subunits and the ATPase subunit. Indeed, the dominant-negative phenotype of these LolD mutants can be suppressed by secondary mutations in LolC or LolE. 43) Mutations of LolC suppressors are located mainly in the periplasmic loop, whereas those of LolE suppressors are located mainly in the cytoplasmic loop, suggesting that the mode of interaction with LolD differs between LolC and LolE.
The LolCDE complex can be co-purified with outermembrane lipoproteins, but not inner-membrane ones. When ATP is present during the purification procedure, no lipoprotein is associated with the purified LolCDE complex. 44) This indicates that the liganded LolCDE complex represents an intermediate of the lipoproteinrelease reaction formed in the inner membrane. ATP causes dissociation of lipoproteins from liganded LolCDE in a detergent-dependent manner, indicating that the interaction between LolCDE and lipoproteins is hydrophobic. ATP binding, but not hydrolysis of it, is required for this dissociation. The K m value for ATP hydrolysis is higher with liganded LolCDE than with unliganded LolCDE, whereas the V max values are similar. 44) This suggests that the sorting cycle is initiated by the binding of outer membrane-specific lipoproteins to LolC/E in an ATP-independent manner, resulting in an increase in the affinity of LolD for ATP, which in turn causes a decrease in the affinity of LolC/E for lipoproteins through a conformational change. ATP hydrolysis induces membrane detachment of lipoproteins and the formation of the LolA-lipoprotein complex. Although vanadate inhibits the LolCDE-mediated release of lipoproteins from the proteoliposomes, it does not inhibit the transfer of LolCDE-bound lipoprotein to LolA, 45) indicating that cleavage of the , -phosphoanhydride linkage of ATP is necessary and sufficient for transfer from LolCDE to LolA. The release of inorganic phosphate and ADP from LolD most likely makes possible recovery of the initial conformation of LolCDE, which is required for the next release reaction. A crystallographic study of LolA revealed a novel fold, comprising 11 antiparallel -strands folded into an incomplete -barrel and three loops covering the barrel. 46) A hydrophobic cavity is formed inside the barrel and loops, where the acyl chains of lipoproteins are accommodated, 10, 47) but lipoproteins cannot obtain access to the cavity, because it is closed by hydrogen bonds between Arg at position 43 located in the -barrel and several residues in the loops.
46) The lid of LolA must thus open to accommodate a lipoprotein. Conformational change in LolA, including cleavage of the hydrogen bonds, can be achieved through interaction with LolC or LolE, which are considered to undergo dynamic conformational changes linked to the hydrolysis of ATP by LolD. LolC, but not LolE, is cross-linked with LolA, 47) suggesting that lipoproteins are transferred from LolC to LolA.
The transfer of lipoproteins from LolA to LolB and then from LolB to the outer membrane takes place in such a direction that lipoproteins bind more stably, and lipoproteins most stably anchor to the outer membrane. 11, 48) Crystallographic analysis revealed that LolB has a structure similar to LolA, with a hydrophobic cavity that accommodates the acyl chains of lipoproteins. 10, 46) The affinity of the hydrophobic cavity for lipoproteins has been estimated to be significantly higher with LolB than with LolA 48) partly because of the difference in the species of hydrophobic residues located inside the cavity. 46) Bulky, rigid aromatic residues are abundant in LolA, while smaller hydrophobic residues such as Leu and Ileu are abundant in LolB. In vivo photo-cross linking 47) and NMR 49) analysis revealed that LolA and LolB interact through connection of the entrances of their hydrophobic cavities. The hydrophobic cavities of LolA and LolB form a tunnel through which lipoproteins are quickly transported to the LolB cavity. The energy obtained through ATP hydrolysis by LolCDE is utilized for both membrane detachment of lipoproteins from the inner membrane and the opening of the LolA lid. Once the lid is opened, formation of the hydrophobic tunnel and the difference in affinity for lipoproteins make possible efficient oneway transfer of lipoproteins from LolA to LolB in the periplasm, where chemical energy sources such as ATP are not available.
Evolutionary conservation of lipoprotein sorting mediated by LolCDE
Specialized targeting machinery mediates the outer membrane localization of lipoproteins. For example, the type II secretion system of Klebsiella strains is composed of more than 10 proteins, and mediates the transport of PulA from the outer leaflet of the inner membrane to that of the outer membrane. 50 ) Borrelia spirochaetes express a number of lipoproteins, 51) which are recruited to the bacterial surface by default but can be distributed to the periplasmic side of the membranes by specific sorting signals. 52) Because the genes for Lol proteins are conserved in other gram-negative proteobacteria, it is assumed that transport via Lol pathway is the general mechanism by which lipoproteins are recruited to the outer membrane in gram-negative bacteria. However, it should be noted that there are several differences both in the Lol factors and in the sorting signals. While , , and -proteobacteria have complete sets of genes for Lol factors, -proteobacteria lack the gene for LolB. The outer membrane-specific lipoproteins of these bacteria can be released from the inner membrane through a mechanism homologous to that in E. coli, but might be incorporated into the outer membrane through a different mechanism. For example, it might be that a certain OMP or lipoprotein has a sequence dissimilar to LolB but retains the function of LolB. Alternatively, LolA of these bacteria can retain activity both to accept lipoproteins from the inner membrane and to incorporate them into the outer membrane. The gene for LolE is not conserved among all gram-negative bacteria, either. While -proteobacteria have the gene, proteobacteria in other subdivisions do not (Fig. 5) . The lipoprotein-releasing ABC transporters in these organisms are most likely composed of a homodimer of the LolC-LolD heterodimer. Genes homologous to lolD are found in gram-positive bacteria such as Actinomycetes. The salX gene of Streptococcus salivarius encodes the ABC subunit of the export machinery for lantibiotics, which inhibits the growth of a range of streptococci. SalX exhibits moderate similarity to LolD throughout its sequence. LolD homologs are also present in Archaea; for example, the MJ0796 protein of Methanococcus jannaschii has been crystallized. 53) It is unclear whether these proteins are functional homologs of LolD.
While Lol factors are highly conserved in -proteobacteria, sorting signals for lipoproteins are not conserved throughout species. The þ2 rule for lipoprotein sorting is conserved among enterobacteria, including E. coli, Salmonella enterica serovar Typhimurium, Shigella flexneri, Yersinia pseudotuberculosis, Erwinia carotovora, and Klebsiella oxytoca, as judged by direct visualization of red fluorescent lipoproteins in vivo. 54) However, in other gram-negative bacteria, the localization of lipoproteins is not dependent on the residue at position 2. For example, MexA, an inner membrane lipoprotein of P. aeruginosa, has Gly at position 2. Mutagenic analysis has revealed that Lys at position 3 and Ser at position 4, but not Gly at position 2, are critical to the inner membrane-localization of MexA. It was also found that amino acids at positions 3 and 4 are adopted as the sorting signal for lipoproteins in P. aeruginosa, 55, 56) although no conservation of amino acids at positions 3 and 4 has been identified among the inner-or outer-membrane lipoproteins of P. aeruginosa. The release of lipoproteins from proteoliposomes reconstituted with P. aeruginosa LolCDE was examined in the presence of P. aeruginosa LolA. These experiments revealed that P. aeruginosa LolCDE is responsible for the recognition of the sorting signals encoded by the residues at positions 3 and 4.
57) The mechanisms of the sorting of lipoproteins appear to be more diverse and complex than previously proposed, though it has been confirmed that LolCDE is responsible for the sorting. 
II. ABC Transporters Involved in Recruiting LPS to the Outer Membrane
In order to function as a barrier against hydrophilic and lipophilic compounds simultaneously, the outer membrane of gram-negative bacteria has an asymmetric structure with the phospholipids in the inner leaflet and LPS in the outer. LPS can be structurally divided in three components, lipid A, a core oligosaccharide, and O-antigenic polysaccharide (O-PS) (Fig. 6) . The high number of fully saturated fatty acyl substituents creates a gel-like lipid interior of very low fluidity. Each LPS molecule has also strong lateral interactions with other LPS molecules, in which divalent cation-mediated bridging of negatively charged functional groups is involved. These chemical properties of LPS contribute to the function of the outer membrane as a permeability barrier.
1) Three ABC transporters have been implicated in the transport of LPS to the outer membrane.
1. MsbA, an ABC transporter mediating the transfer of the lipid A core moiety of LPS across the inner membrane
The msbA gene was discovered as a multicopy suppressor of the temperature-sensitivity of null mutations in htrB, which encodes 3-deoxy-D-manno-octulosonate (Kdo)-dependent lauroyltransferase, which is required to form Kdo 2 -lipid A. 23) In the absence of htrB, a tetraacylated precursor of Kdo 2 -lipid A accumulates in the inner membrane and is transported to the outer membrane in cells overexpressing MsbA. 58) Similarity to other ABC transporters, together with genetic interaction with enzymes of LPS biosynthesis, indicated the involvement of MsbA in the transport of LPS. Consistently with the homology to multidrug resistance proteins, the temperature-sensitivity of the E. coli MsbA mutant can be suppressed by LmrA, a Lactococcus lactis ABC transporter that is a structural and functional homolog of human multidrug resistance protein 1. 59) Moreover, the ATPase activity of MsbA is stimulated by lipophilic compounds such as daunomycin, vinblastine, and Hoechst 33342. 59) In view of these results, MsbA perhaps functions as a lipid flippase catalyzing the transbilayer movement of lipids across the inner membrane. Evidence supporting this was obtained in vivo using a temperature-sensitive E. coli mutant, WD2, which contained an amino-acid substitution in the transmembrane region of MsbA. At nonpermissive temperatures, the export of both phospholipids and LPS to the outer membrane was inhibited in WD2. 60) Using selective enzymatic modifications of lipid A and chemical modifications of phospholipids, it was found that at non-permissive temperatures, lipid A was not modified by enzymes facing the periplasmic surface of the inner membrane, indicating that it remained on the cytoplasmic surface. Similarly, phospholipids were not modified by membrane-impermeable reagents. 61) This confirms a model in which MsbA catalyzes the flip-flop movement of phospholipids and lipid A from the cytoplasmic to the periplasmic surface of the inner membrane. Nevertheless, several lines of evidence indicate that MsbA is a dedicated transporter for lipid A. Although the ATPase activity of purified MsbA is stimulated by lipophilic dyes and phospholipids, lipid A is an especially potent activator. Remarkably, the ATPase activity of MsbA reconstituted into liposomes prepared from E. coli phospholipids is further stimulated by the addition of Kdo 2 -lipid A. 62) The possibility that MsbA is involved in the transport of phospholipids was also challenged by experiments carried out with Neisseria meningitidis. Unlike other gram-negative bacteria, this species is unique in that LPS is not required for viability, because an lpxA-null strain, lacking the gene encoding an enzyme catalyzing the first step in lipid A biosynthesis, is viable and produces an outer membrane. 63) Since the discovery of this feature, N. meningitidis has been regarded as a valuable tool for studying the LPS transport system. For example, a N. meningitidis mutant devoid of LptD (formally Imp), a conserved OMP essential to the growth of most other gram-negative bacteria, helped to reveal that this protein has a central role in the transport of LPS to the outer surface of the outer membrane. 28) N. meningitidis MsbA has 32% identity and 52% similarity to E. coli MsbA and complements the temperature-sensitive growth of WD2. 64) An N. meningitidis msbA-null strain was constructed and was confirmed to produce an outer membrane containing phospholipids and OMPs. 64) Therefore, although MsbA possess flippase activity, it is not required for the transport of phospholipids to the outer membrane, at least in N. meningitidis. The cellular localization of LPS synthesized in the msbA-null strain was not determined, because the msbA mutation caused a severe reduction in the level of LPS, probably through feedback inhibition of LPS synthesis due to the accumulation of transport intermediates. 64) Genes homologous to msbA and lptD are absent in the genomes of the spirochetes Treponema pallidum and Borrelia burgdorferi, which possess an outer membrane but lack LPS, 65, 66) confirming that these proteins are dedicated to the transport of LPS.
MsbA is a half-transporter consisting of an aminoterminal domain with six membrane-spanning segments followed by a nucleotide-binding domain (NBD), and it functions as a homodimer. Several crystal structures of MsbA in nucleotide-free and -bound states are available. 67) Nucleotide-binding form of MsbA adopts a typical outward-facing conformation with a putative translocation pore open to the periplasm, which is similar to the reported crystal structure of Sav1866. Although O-PS is absent in K-12, the most extensively studied strain of E. coli, 71) it is a key component of the LPS of many gram-negative bacteria. O-PS consists of repeats of an oligosaccharide unit, which contains two to eight residues of a broad range of sugars. With this variation in sugars, O-PS contributes to the major antigenic variability of bacterial cell surfaces and is subject to intense selection by the host immune system. 72) O-PS and lipid A-core oligosaccharide are independently synthesized in the cytoplasm and are translocated to the periplasmic surface of the inner membrane, where they are ligated to become LPS by the ligase WaaL (Fig. 7A) . 13) Depending on the bacterial species or strain, there are different pathways for the transport of O-PS intermediates across the inner membrane. In the majority of E. coli and Salmonella strains studied, an undecaprenyl pyrophosphate-linked oligosaccharide unit is translocated across the inner membrane by a flippase Wzx to the periplasmic surface, where it is polymerized by the O-PS polymerase Wzy. 73) On the other hand, in E. coli O8 and O9a, polymerization of oligosaccharide units occurs in the cytoplasm. 74, 75) The polymerized undecaprenyl pyrophosphate-linked O-PS is then translocated across the inner membrane by an ABC transporter, Wzm/Wzt. 13) Wzm is predicted to contain six membrane-spanning segments, while Wzt is the ABC-type ATPase subunit, and two copies of each are considered to constitute a functional transporter complex. 76) Wzt has a unique domain organization as a nucleotide-binding subunit of an ABC transporter, with an N-terminal domain similar to other conventional ABC proteins and a C-terminal domain that interacts with substrates and determines specificity.
77) The crystal structure of the C-terminal domain of Wzt of E. coli O9a was determined, and was found to adopt a sandwich with an immunoglobulinlike topology that contains an O-PS-binding pocket. 77) Both Wzm and Wzt are essential to the viability of E. coli O8 and O9a, probably because long O-PSs that have accumulated in the cytoplasm have toxic effects. 77) The mechanism by which nucleotide-binding subunits determine substrate-specificity is not conserved in Klebsiella pneumoniae O2a, although this bacterium also shows Wzm/Wzt-dependent translocation of fully synthesized O-PS across the inner membrane. The Wzt of this strain lacks the C-terminal extension observed in E. coli O8 and O9a, and shows a relaxed substrate specificity. 78) 3. LptBFG, an ABC transporter involved in the transfer of LPS to the outer membrane Provided that MsbA is responsible for the transport of LPS across the inner membrane, the next question was whether MsbA is sufficient for the detachment of LPS from the inner membrane, and how LPS molecules traverse the periplasm. A breakthrough in this area was achieved by an analysis of genes of unknown function located in a chromosomal locus where the genes for KDO biosynthesis occur. 24) Two of these genes, lptA (formerly yhbN) and lptB (formerly yhbG), were found to be essential to the growth of E. coli, 24) and the characterization of conditional mutants in which the expression of these genes was controlled by an arabinose-inducible promoter showed that depletion of either LptA or LptB results in the accumulation of newly synthesized LPS in the inner membrane. 79) A detailed characterization of a temperature-sensitive strain harboring mutations in LptA established that LPS reaches the periplasmic side of the inner membrane at nonpermissive temperatures, suggesting that these proteins are involved in the transport of LPS from the inner to the outer membrane. 80) Indeed, LptA is located in the periplasm.
79) The crystal structure of LptA revealed a novel fold, consisting of 16 consecutive antiparallel -strands folded to resemble a slightly twisted betajellyroll. 81) LptB has an amino acid sequence characteristic of ABC-type ATPases. 79) However, unlike typical bacterial ABC transporters, whose genes for the nucleotide-binding subunits and transmembrane subunits are clustered, genes for the putative transmembrane counterpart of LptB are absent in the flanking region of lptB, although lptC, encoding a bitopic membrane protein, was found to be essential for the outer membranelocalization of LPS precedes lptA and lptB. 30) Taking the so-called reductionist bioinformatic approach, Ruiz et al. explored the genes for the transmembrane components that constitute the ABC transporter together with LptB. The criteria for candidate genes were encoding of envelope proteins of unknown function, essential in E. coli, and most importantly, presence even in the genome of a gram-negative endosymbiotic bacterium, Blochmannia floridanus, which has a greatly reduced genome size. While lptB is located at 72.0 min on the E. coli chromosome, two genes, yjgP and yjgQ, which are located in an operon at 96.7 min, met these criteria, and they were renamed lptF and lptG. 25) Several lines of evidence confirm that lptF and lptG encode the transmembrane counterpart of LptB. First, both LptF and LptG have a topology typical of the transmembrane component of ABC transporters, with six transmembrane segments with cytoplasmic N-and C-termini. 82) Secondly, the start codon of the gene orthologous to lptG overlaps with the last stop codon in the lptAB operon in Synechococcus sp. CC9311. 25) Finally, depletion of LptF or LptG is lethal to E. coli, and results in defective envelopes, similarly to depletion of LptB. 25) Although a genomic organization in which the genes for nucleotide-binding subunits of ABC transporters are located far from those for the corresponding transmembrane subunits has been observed for sugar ABC transporters in gram-positive bacteria such as streptomyces ATPase MsiK, which functions as a nucleotidebinding subunit for both cellobiose/cellotriose and maltose transporters, 83) this was the first example of an E. coli ABC protein whose cognate transmembrane subunits are encoded by distantly located genes (Fig. 8) . Biochemical evidence that LptF and LptG are the missing transmembrane components for LptB was obtained in experiments demonstrating that both LptF and LptG are co-purified with LptB.
84) The LptBFG complex is composed of two copies of LptB and one copy each of LptF and LptG. Moreover, when the bitopic membrane protein LptC is coexpressed with LptBFG, it is co-purified as a complex in a subunit ratio of LptB:LptF:LptG:LptC=2:1:1:1.
84) The ATPase activities of the LptBFG and LptBFGC complexes exhibit essentially the same K m and V max values, and are unaffected by LPS, phospholipids, and lipid A, unlike that of MsbA.
LptBFG can thus be regarded as an ABC transporter analogous to LolCDE, both mediating the detachment of substrates from the outer leaflet of the inner membrane after the substrates have been translocated across the membrane by preceding transporters (MsbA in the case of LptBFG and Sec translocon in the case of LolCDE). Just how LPS is transported through the hydrophilic periplasm to the outer membrane remains open to debate (Fig. 7B) . LPS might be recruited to the outer membrane through a pathway homologous to the Lol system. The observation that LptA binds to the lipid A domain of LPS in vitro supports this model of transport. 85) Because transfer of LPS was observed from the periplasmic domain of LptC to LptA, both exhibiting a similar crystal structure with consecutive antiparallel -strands that form a twisted boat structure, 81, 85) LPS detached from the inner membrane by LptBFG can be transferred to LptA via LptC. On the other hand, transport of LPS to the outer membrane without a periplasmic intermediate has been proposed based on the results of pulse-chase experiments with newly synthesized LPS in spheroplasts, raising the possibility that transport proceeds via contact sites between the inner and outer membranes. 86) Since crystallization in the presence of LPS results in the formation of filaments of LptA oligomers, LptA might form a transenvelope complex that connects the two membranes. 81) Indeed, the crystal structures showed that neither LptA nor LptC has an obvious cavity deep enough to accommodate the fatty acyl chains of lipid A. That not only LptA, 87, 88) but also the outer membrane components LptD and LptE, can be co-purified with LptC 89) also confirms the presence of a transenvelope bridge in the periplasm. 
III. Perspectives
The pathways for the biosynthesis of lipoproteins and the transport of lipoproteins to the outer membrane of E. coli have been clarified in detail. LolCDE plays a central role in lipoprotein transport, both by sorting inner and outer membrane-directed lipoproteins and by fueling the entire transport reaction. Further biochemical analysis combining the various techniques that have been introduced to study the transport reaction and new techniques, should help in understanding how each step in the ATPase cycle of LolD is coupled to conformational changes in LolC/E and LolA. It is also of great interest to solve the three-dimensional structure of LolCDE, which would explain the structural basis for the recognition of lipoproteins by LolCDE, especially as to why lipoproteins with Asp at position 2 as well as those without N-acylation are rejected. Outer-membrane targeting of a lipoprotein from an in vitro synthesized lipoprotein-LolA complex has not been demonstrated, because the formation of this complex requires opening of the lid of LolA, a conformational change considered to occur through coupling with the hydrolysis of ATP by LolD. Accordingly, the formation of a possible LPSLptA complex that is competent for LptD/E-dependent outer-membrane targeting requires LptBFG and LptC. The isolation of a functional periplasmic intermediate of LPS transport should help to elucidate the function of the Lpt proteins. On the other hand, if LPS is recruited to the outer membrane via a trans-envelope bridge, the establishment of totally innovative experimental procedures that make it possible to visualize the movement of substrates across the two membranes is required.
The targeting mechanism of another essential component of the outer membrane, phospholipids, is totally unknown. An intermembrane phospholipid-trafficking system that mediates the retrograde transport of phospholipids from the outer leaflet of the outer membrane to the inner membrane was recently suggested. 90) This system, which also includes an ABC transporter named MlaFEDB, should provide a clue as to how phospholipids traverse the periplasm.
